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Red blood cell-hitchhiking fluorescent probe to
promote intraoperative diagnosis of human

ovarian tumor

Yijing Lin't, Ke Li't, Yue Ding', Seok Theng Chiang?, Jingzhou Xia®, Haonan Wang®,

Huafeng Wang®, Xiangzhao Ai**, Weiwei Feng'*

Ovarian cancer is the deadliest gynecological malignancy. The fluorescence-guided surgery technique provides a
real-time visualization of the desired regions to guide the tumor resection. However, the fluorescent probes used
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in clinics suffer from the limited selectivity of ovarian tumors and short blood circulation half-lives. Here, we de-
sign an activatable trident-like fluorescent peptide probe (RMN) to bind with the ovarian tumor-overexpressed
N-cadherin and respond to the matrix metalloproteinases (MMPs). Upon intravenous administration, the RMN
initially hitchhikes on the red blood cell (RBC) surface with prolonged circulation half-lives. When arriving at the
tumor regions, the peptide sequence is cleaved by the tumor-secreted MMPs to recover the fluorescent signals.
The released “spears” containing N-cadherin-targeting moiety and fluorophore can specifically recognize the
ovarian tumor cells, thereby facilitating the visualization of primary or metastatic tumor regions. Overall, this
study highlights the potential of RBC-hitchhiking fluorescent probes in advancing the intraoperative diagnosis of
human ovarian tumor tissues during the fluorescence-guided surgery process in clinics.

INTRODUCTION

Ovarian cancer, known as “the silent killer;” is the deadliest gyneco-
logical malignancy. It caused an estimated 0.324 million new cases
and 0.207 million deaths globally in 2022 (1-3). More than 70% of
patients with ovarian cancer are diagnosed in the advanced tumor
stages (III or IV), with a 5-year survival rate of less than 30% (4-6).
Now, surgery remains an indispensable first-line treatment strategy
for patients with ovarian cancer (7). Multiple preoperative imaging
techniques, such as computed tomography (CT), magnetic resonance
imaging (MRI), and positron emission tomography (PET), have been
widely applied to determine the specific locations of tumors (8-10).
However, in the surgical processes, the tumor removal efficiency still
highly relies on the gynecologic surgeons’ clinical experience, such as
visual inspection and manual palpation, to differentiate tumor tissue
from surrounding tissues (11). This reliance potentially results in ei-
ther the excessive removal of adjacent normal tissues or the incom-
plete tumor resection to cause ovarian cancer recurrence (12).
Although intraoperative frozen section analysis (IFSA) and intraop-
erative CT or MRI systems have been developed to assist the surgeons
in visualizing tumor regions and metastatic foci during surgery, these
techniques present undesired limitations in clinical settings (13, 14).
For example, IFSA has insufficient sensitivity to accurately diagnose
tumor-positive margins and is a time-consuming process to increase
the operative or anesthesia-related risks, whereas intraoperative CT/
MRI requires sophisticated equipment, substantial physical space, and
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expensive costs (15, 16). Hence, emerging approaches for intraopera-
tive diagnosis are demanded to visualize tumor regions during sur-
gery, thus greatly improving ovarian tumor resection efficiency and
benefiting the overall survival rates of patients with cancer.

In recent years, the fluorescence-guided surgery (FGS) technique
has attracted much attention in clinics to provide a real-time fluo-
rescence image of the tumor regions and guide the tumor surgical
resection (17-27). FGS has unique advantages for intraoperative tu-
mor diagnosis, including high sensitivity with excellent spatiotem-
poral resolution, rapid or real-time tumor visualization, and
low-cost or portable equipment (28-31). Various fluorescent probes,
including indocyanine green, methylene blue, fluorescein sodium,
and 5-aminolevulinic acid, have been developed to light up the tu-
mor tissues during surgery due to an enhanced permeability and
retention effect (32). However, their clinical applications are ex-
tremely limited by the nonspecific imaging of normal tissues, espe-
cially in the operation regions contaminated by the fluorescent dyes
circulating in the blood vessels (33, 34). Recently, specific fluores-
cent probes have also been designed by conjugating a fluorophore
with the tumor-targeting ligands to recognize the overexpressed re-
ceptors on the tumor cell surface, such as folate receptor, glutamine
transporter, and epidermal growth factor receptor (35-40). Never-
theless, these fluorescent probes emit fluorescence continuously
upon injection in vivo, regardless of their binding with targeted re-
ceptors, resulting in higher background and an insufficient signal-
to-noise ratio (41). They commonly exhibit a short blood circulation
time within several minutes due to the rapid hepatic and renal elim-
ination of small molecules upon systemic administration (42, 43).
These critical limitations lead to a demand for imaging probes at a
higher dose and frequent injection during the surgery in several
hours, which may raise the potential risk of systemic toxicity and
increasing costs. Therefore, innovative fluorescent probes with pro-
longed blood circulation time and specific signal activation in tu-
mor regions are highly desired to improve the ovarian tumor
intraoperative diagnosis efficiency.
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Natural red blood cells (RBCs) serve as ideal carriers for small
molecules due to their long circulatory life span (~120 days in hu-
mans) and low immunogenicity in vivo (44-60). Meanwhile, the
tumor tissues usually have abundant vasculature and abnormal
hyperpermeability, resulting in the increased RBC concentration in
the tumor regions (61). Inspired by the unique properties of RBCs,
we hypothesize that the RBC-hitchhiking fluorescent probes have
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prolonged blood circulation half-lives and enhanced ovarian tumor
targeting capabilities. Herein, we design a trident molecule, which
contains three functional “spears” in the peptide backbone: (i) an
N-cadherin-binding peptide to act as the ovarian tumor-targeting
moiety; (ii) a fluorophore; and (iii) a quencher, serving as a fluores-
cence resonance energy transfer (FRET) pair to minimize the unde-
sired background in normal tissues (Fig. 1A). The “branch’ of
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Fig. 1. RBC-hitchhiking trident-like fluorescent probe (RMN) for the diagnosis of ovarian tumor and metastatic foci. (A) Chemical structures of RMN. (B and
C) Schematic illustration of RMN bind to RBC and response to MMPs for the tumor-specific intraoperative diagnosis in ovarian cancer. Created in BioRender. Lin, Y. (2025)

https://BioRender.com/k1xh8m5.
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quencher is constituted of an enzyme-responsive linker that can be
cleaved by the ovarian tumor-overexpressed matrix metalloprotein-
ases (MMPs). The “handle” of the trident molecule is made of an
RBC-hitchhiking peptide to bind with the major transmembrane
protein glycophorin A on the surface of erythrocytes. Upon system-
atic administration, the trident molecule (RBC-MMP2/9-N-
cadherin, denoted “RMN”) initially hitchhikes on RBCs with
prolonged circulation time in the blood. When arriving at the ovar-
ian tumor regions, the secreted MMPs from the tumor microenvi-
ronment can effectively cleave the branch peptide sequence, thus
selectively recovering the emission of fluorophore in the tumor
regions. The released two functional spears containing targeting
peptide moiety and fluorophore can specifically recognize the
surrounding N-cadherin-overexpressed ovarian tumor cells, there-
by facilitating the visualization of tumor regions during the surgery
process (Fig. 1, B and C). Our results demonstrate that the trident-
like fluorescent probe can effectively recognize the subcutaneous
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and metastatic foci of ovarian tumors in the nude mice upon intra-
venous administration, as well as the human ovarian tumor tissues
for intraoperative diagnosis in clinical settings.

RESULTS

Overexpression of N-cadherin in human ovarian tumors

We first determined the expression levels of N-cadherin, a major ad-
hesion molecule involved in tumor progression and metastasis in the
human patients with ovarian cancer (62, 63). In this study, both tu-
mor and normal ovarian tissues were collected from the Chinese pa-
tients after surgery in Ruijin hospitals (Fig. 2A and table S1 and S2)
and further analyzed by immunohistochemistry using an anti-N-
cadherin antibody. As shown in Fig. 2B, the brown precipitates were
observed in the sections of ovarian tumor tissues rather than the
normal ovarian tissues. The average histochemical scoring (H-score)
value of tumor tissues (7.00 + 5.37, 60 cases) was significantly higher
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Fig. 2. N-cadherin overexpression in human ovarian tumor tissues and tumor cells. (A) Schematic illustration of N-cadherin analysis in the samples from ovarian tu-
mor patients. Created in BioRender. Lin, Y. (2025) https://BioRender.com/n6wéwmé. (B) Representative immunohistochemistry of N-cadherin expression in human ovar-
ian tumor tissues. Scale bar, 50 pm. (C) Quantification of N-cadherin expression using histochemical score (H-score) in ovarian tumor tissues (60 cases) and normal ovarian
tissues (14 cases). (D) Analysis of N-cadherin expression in ovarian tumors (n = 381) and normal ovarian tissues (n = 88) from the TCGA and GTEx databases. TPM, tran-
scripts per million. (E) Western blot analysis of N-cadherin expression in human ovarian tumor cells (ES-2, OVCAR5, OVCARS8, A2780, HO-1980, OVCA433, and SKOV3) and
normal cells (HUVECs). (F) Molecular docking of human N-cadherin protein (violet) and targeting peptide (cyan). The binding sites of N-cadherin are colored in magenta.

Hydrogen bonds (xA) and distance are depicted as yellow dashed lines.
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than that of normal tissues (0.49 + 0.57, 14 cases), implying the over-
expression of N-cadherin in human patients with ovarian cancer
(Fig. 2C). The N-cadherin expression levels in the tumor and normal
tissues of human ovaries were also investigated in the database of
The Cancer Genome Atlas (TCGA; www.cancer.gov/tcga) and
Genotype-Tissue Expression (GTEx; www.gtexportal.org), includ-
ing the data from 381 cases of ovarian tumor tissues and 88 cases of
normal ovarian tissues globally. Demographic information indicated
that most patients with high expression of N-cadherin are Cauca-
sians (white people), with the onset time ranging from 41 to 60 years
old in the advanced stage III of cancer (fig. S1). Moreover, bioinfor-
matics analyses suggested that the expression of N-cadherin was
markedly higher in ovarian tumor tissues than in normal tissues
(Fig. 2D), and the Kaplan-Meier curve showed that N-cadherin in
ovarian cancer had no obvious effect on patient survival (fig. S2). We
further examined the N-cadherin levels in different subtypes of hu-
man ovarian cancer cell lines, including high-grade serous ovarian
cancer (HGSOG; e.g., SKOV3, HO-8910, OVCARS5, OVCARS, and
OVCAA433 cells), clear cell ovarian cancer (CCOGC; e.g., ES-2 cells),
and endometrioid ovarian cancer (e.g., A2780 cells), respectively.
Healthy human umbilical vein endothelial cells (HUVECs) were
used as a control group. As shown in Fig. 2E, the Western blot results
revealed the highest levels of N-cadherin in the SKOV3 cell line
compared to other control groups. The overexpression of N-cadherin
in ovarian cancer inspired us to explore the N-cadherin-targeting
strategies for ovarian tumor imaging in preclinical studies. A target
peptide, CRAGVGRGGC, has been selected using phage-display tech-
niques to specifically identify the overexpressed N-cadherin in both
murine and human breast tumor cells but has not been reported to
recognize the N-cadherin in human ovarian cancer (64). To evaluate
their binding affinity, we performed the molecular docking analysis
by AlphaFold and found the formation of suitable steric complemen-
tarity between the target peptide and human N-cadherin, especially
for the hydrogen bonds between the peptide (e.g., guanidine groups)
and amino acid residues of N-cadherin protein, including the threo-
nine (Thr624), asparagine (Asn®®), or aspartic acid (Asp660 and
Asp627) (Fig. 2F). The equilibrium dissociation constant (Kq) was
further calculated as 2.84 X 107> M based on the molecular docking
model. Together, these results suggested that the overexpressed N-
cadherin protein may serve as a potential receptor for the targeted
recognition of human ovarian tumor cells.

Preparation and responsiveness of RMN probe in vitro

We then prepared the N-cadherin-targeting RMN probe based on a
standard 9-fluorenyl methoxycarbonyl (Fmoc)-based solid-phase
peptide synthesis (SPPS) procedure (figs. S3 to S5). To achieve the
fluorescent visualization of ovarian tumor cells in vitro, an MMP
enzyme-—cleavable peptide sequence (GPAGLLG) with a FRET pair
[e.g., donor, fluorescein isothiocyanate (FITC); and quencher, Dab-
cyl] modification was conjugated with the N-cadherin-targeting
peptide. An RBC-hitchhiking peptide (WMVLPWLPGTLD) was
further conjugated with the N-cadherin-targeting probes by click
chemistry and lastly purified by preparative high-performance lig-
uid chromatography (HPLC). The purity and molecular weight of
various fluorescent peptide probes were confirmed by liquid chro-
matography-mass spectrometry (LC-MS; fig. S6 and table S3). In
this study, we first investigated the photophysical properties of the
FITC/Dabcyl-modified RMN peptide probes (FITC/QC-RMN) in
phosphate-buffered saline (PBS). A similar peptide probe without
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quencher (QC) modification (FITC-RMN) was used as a control
group. As shown in Fig. 3A, the absorption peak (~490 nm) of
FITC-RMN shifted to a broad absorption spectrum of FITC/QC-
RMN centered on ~450 nm, and the emission spectrum of FITC-
RMN at 520 nm was significantly eliminated upon Dabcyl
modification, mainly attributable to the fluorescence quenching of
FITC by the Dabcyl group as an efficient FRET acceptor. The FITC-
RMN peptide probes also presented excellent photostability and
time-dependent structural stability in various physiological buffers,
including 1x PBS, 10% fetal bovine serum (FBS), and 10% serum in
cell culture medium (fig. S7). To visualize the N-cadherin-binding
capability in living cells, the FITC-RMN probe was incubated with
N-cadherin-overexpressed SKOV3 cells for 30 min and examined
by confocal microscopy. The imaging results revealed that the green
fluorescence signal of FITC was colocalized with the red fluores-
cence of a cell membrane tracker, implying that the FITC-RMN
peptide probe was mainly trapped on the plasma membrane of
ovarian tumor cells (Fig. 3B). When the incubation time increased
to 4 hours, the green fluorescence of FITC was mainly overlapped
with the red fluorescence of the lysosome tracker, suggesting the
time-dependent endocytosis of RMN probe in the lysosome
(fig. S8). The binding capability of the FITC-RMN probe was also
determined by flow cytometry analysis. As shown in Fig. 3C and
fig. S9, the fluorescence intensity enhanced with the increasing of
FITC-RMN concentrations, suggesting a dose-dependent manner
of N-cadherin binding in SKOV 3 cells. We also incubated the FITC-
RMN probe with different kinds of human ovarian cancer cells (e.g.,
A2780, ES-2, OVCARS5, OVCA433, and SKOV3) and normal cells
(HUVECsS) for fluorescence detection. As shown in Fig. 3 (D and E),
the green fluorescence signals of the FITC-RMN probe in SKOV3
cells were higher than those in other control groups, suggesting the
feasibility of N-cadherin-targeted imaging in various human ovar-
ian tumor cells. To further identify the tumor selectivity of the RMN
peptide probe, we incubated it with the N-cadherin—positive breast
cancer cells (MDA-MB-231 and BT549) and liver cancer cells (HC-
CLM3 and HUH-7) for fluorescence analysis. As shown in fig. S10,
the fluorescence signals of the FITC-RMN probe in both breast and
liver cancer cells were obviously lower than that in ovarian cancer
cells but higher than the normal cells, demonstrating that the RMN
probe had broad applicability for the diagnosis of multiple
N-cadherin-positive tumors, especially for different kinds of hu-
man ovarian cancer cells.

Next, we investigated the responsiveness of the FITC/QC-RMN
peptide probe in the ovarian tumor cells. Previous studies have
demonstrated that both MMP-2 and MMP-9 enzymes were overex-
pressed in ovarian carcinomas (65). Specifically, MMP-2 promotes
the degradation of fibronectin and vitronectin to generate proteo-
lytic fragments that are involved in ovarian tumor metastasis. MMP-
9 mainly degrades the type IV collagen and fibronectin, resulting in
the activation of transforming growth factor-f to enable effective
matrix penetration of tumor cells. Thus, MMP enzymes, especially
MMP-2 and MMP-9, play important roles in human ovarian cancer
progression and metastasis. In this study, we selected a reported
peptide (GPAGVLLG) that was known to be specifically cleaved be-
tween glycine (G) and leucine (L) by both overexpressed MMP-2
and MMP-9 in human ovarian tumor cells (66). The excessive RMN
peptide probe was first incubated with activated MMP-2 or MMP-9
for 30 min in a 37°C incubator. After ultrafiltration to remove the
MMPs protein, the peptide substrates were examined by LC-MS. As
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Fig. 3. RMN fluorescent probe recognizes and responds to human ovarian cells in vitro. (A) Absorbance (dashed lines) and fluorescence emission spectra (solid lines)
of FITC/QC-RMN and FITC-RMN in PBS. (B) Confocal imaging of SKOV3 cells incubated with FITC-RMN for 30 min. Blue, DAPI [excitation/emission (Ex/Em), 350/460 nm];
green, FITC-RMN (Ex/Em, 488/525 nm); red, cell membrane tracker (Ex/Em, 645/665 nm). Scale bar, 10 pm. (C) Flow cytometry analysis of FITC-RMN probe (0 to 30 pg/ml)
binding with SKOV3 cells. (D) Fluorescence images in human ovarian tumor cells (A2780, ES-2, OVCAR5, OVCA433, and SKOV3) and normal cells (HUVECs) incubated with

FITC-RMN (30 pg/ml). Scale bar, 60 pm. (E) Mean fluorescence intensity (MFI) of HUVEC

and human ovarian tumor cells (A2780, ES-2, OVCARS5, OVCA433, and SKOV3) after

incubation with FITC-RMN fluorescent probe (30 pg/ml) for 30 min. (F) Responsiveness of FITC/QC-RMN probe (30 pg/ml) in the presence of activated MMP-2 and MMP-9
enzymes (5 pg/ml) for 30 min. (G) Selectivity study of FITC/QC-RMN upon the treatment of cathepsin B, trypsin, MMP-2, MMP-2 treated by GM6001 (50 pM), MMP-9, or

MMP-9 treated by GM6001 (50 pM) at the same concentration (5 pg/ml), respectively.

(H) MFI of FITC/QC-RMN probe (30 pg/ml) incubated with the culture medium of

various human ovarian tumor cells (A2780, ES-2, OVCARS5, OVCA433, SKOV3, and SKOV3 treated by 100 pM GM6001) and normal cells (HUVECs) for 30 min.

shown in fig. S11, a new peak appeared at the same retention time
(~10.4 min) upon MMP-2 and MMP-9 treatment. The molecular
weight matched well with the N-cadherin-binding fragments upon
cleavage between glycine and leucine, implying the specific sub-
strate recognition of MMP enzymes (table S3). However, no obvious
difference was observed for the retention time of the RMN probe
(~11.2 min) in the absence and presence of cathepsin B, a tumor-
overexpressed lysosomal cysteine protease primarily responsible for
the degradation of intracellular proteins, suggesting the excellent
specificity of RMN in response to MMP enzymes rather than others.
Then, we optimized the incubation time and MMP enzyme concen-
trations at the same amounts of FITC/QC-RMN peptide probe. As

Linetal., Sci. Adv. 11, eaea6618 (2025) 3 December 2025

shown in Fig. 3F and fig. S12, the fluorescence emission at ~500 nm
of the FITC/QC-RMN probe was gradually enhanced with the in-
creasing of MMP-2 or MMP-9 concentrations. The mean fluores-
cence intensity (MFI) of the FITC/QC-RMN peptide probe was also
markedly increased and reached a plateau after 10 min of incubation
(fig. S13), suggesting a dose-dependent and time-dependent man-
ner in this MMP-responsive fluorescent probe. To evaluate its selec-
tivity, the same concentrations of cathepsin B, trypsin (a serine
proteinase to digest protein in healthy individuals), MMP-2, or
MMP-9 were incubated with the same amounts of FITC/QC-RMN
probe for fluorescence detection. As shown in Fig. 3G, we observed
an elevated MFI in both MMP-2 and MMP-9 treated groups, while
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no obvious difference was determined in the cathepsin B or trypsin
treated groups when compared to the untreated group. In addition,
the enhanced fluorescence signals of RMN upon MMP-2 and MMP-
9 treatment were greatly inhibited by illomastat (GM6001), a potent
and broad-spectrum inhibitor of MMPs, suggesting the specificity
of MMPs for RMN probe activation. To further assess the MMPs’
activities in living cells, the concentrated culture media of various
human ovarian tumor cells were incubated with the FITC/QC-
RMN peptide probe, followed by the fluorescence analysis. As
shown in Fig. 3H, the highest MFI values were determined in the
EC-2, OVCARS5, and SKOV3 cells, mainly attributable to their ex-
tracellular secretion of a large amount of MMPs during the prolif-
eration process, which also could be greatly inhibited by the
GM6001. In addition, cell viability studies showed that the FITC/
QC-RMN peptide probe had negligible cytotoxicity in the SKOV3
cells, as well as the normal cell lines such as HUVEC and murine
macrophage (RAW264.7), indicating the excellent biosafety of the
FITC/QC-RMN probe in vitro (fig. S14). Together, these results
demonstrated that the biocompatible RMN peptide probe could

effectively bind with the overexpressed N-cadherin and respond to
the MMPs secreted from human ovarian tumor cells.

Prolonged circulation time of RBC-hitchhiking RMN

probe in vivo

We further investigated the pharmacokinetic properties of the RMN
probe. An RBC-hitchhiking peptide (ERY1, WMVLPWLPGTLD)
was integrated into the peptide structure to recognize the glycopho-
rin A protein on the RBC membrane. The Ky value was calculated to
be 3.0 X 10~* M based on the molecular docking model (fig. $15). To
confirm the binding capability, RBCs were first incubated with the
FITC-labeled RMN peptide probe and determined on the basis of
the fluorescence signals of FITC on the RBC membrane. A similar
peptide probe without ERY1 conjugation (MN) was used as a control
group. Moreover, whole-blood samples from patients with ovarian
cancer and tumor-bearing mice were also incubated with the MN or
RMN probe to simulate their injection directly into the blood. As
shown in Fig. 4A and fig. S16 and S17, the MFI and fluorescence
imaging of RMN-treated RBCs exhibited a higher signal than the
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Fig. 4. Prolonged circulation time of RBC-hitchhiking RMN probe in vivo. (A) MFI of FITC-labeled RMN probe hitchhiking on RBCs' surface. Inset: Fluorescence image
of RMN loaded on RBC surface. Scale bar, 10 pm. (B) Pseudocolored scanning electron microscopy (SEM) images of RBCs (red) incubated with FITC-labeled RMN or MN
(green). Scale bar, 1 um. (C and D) Quantification of hemolysis (C) and agglutination (D) levels in RBCs upon the treatment of FITC-labeled RMN probe at different concen-
trations (0 to 30 pg/ml). RBCs treated with phytohemagglutinin (PHA; 100 pg/ml) were used as a positive control. (E to H) Relative fluorescence signals (E), serum half-lives
(t1/2) (F), area under the curve [AUC(g.4gn)] (G) and mean residence time [MRT(q.agn)] (H) of Cy5-labeled RMN or MN (0.15 mg/kg) upon intravenous injection in healthy mice.

h, hours.
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RBCs treated with MN or PBS in both murine and human blood
samples, suggesting the strong hitchhiking capabilities of the RMN
probe on the RBCs’ surface. The average number of RMN that con-
junct to erythrocytes was determined to be (3.4 + 1.0) x 10%/cell.
Moreover, no obvious changes of fluorescence signals were deter-
mined on the RMN-treated RBCs at different time points during
24 hours, suggesting that the RMN peptide probe exhibited excellent
stability on the RBC surface (fig. S18). Scanning electron microscopy
(SEM) imaging further confirmed that more RMN peptide probe
(green) was localized on the surface of RBCs (red) when compared
to the MN group (Fig. 4B), attributable to the RBC-hitchhiking
properties of the RMN probe rather than the nonspecific absorption
on the RBCs surface. We further assessed the hemocompatibility of
the RMN peptide probe on the basis of the hemolysis and agglutina-
tion assay. Hemolysis levels act as a major indicator to evaluate the
potential damage of molecules on RBCs, which may induce unde-
sired immune dysregulation and organ damage. In the hemolysis as-
say, varying concentrations of RMN probe were incubated with
RBCs, followed by the detection of hemoglobin in the supernatant.
As shown in Fig. 4C, negligible hemolysis (<1%) was observed on
the RMN-loaded RBCs at all of the tested concentrations. In addi-
tion, RBC agglutination, which may cause vascular occlusion in the
body, was also evaluated based on a gold-standard round-bottom-
well assay in vitro. In this assay, the agglutinated RBCs form a large
and diffused film, while nonagglutinated RBCs appear as a small red
dot at the bottom of each well. Phytohemagglutinin (PHA) was usu-
ally selected as a positive control to cause 100% RBC agglutination. As
shown in Fig. 4D, no obvious agglutination was observed in the RBCs
upon the treatment of RMN peptide at a variety of concentrations.
These results demonstrated that the RMN probe could effectively
hitchhike on the RBCs’ surface with excellent hemocompatibility.

Following the assessment of RBC-hitchhiking capability in vitro,
we then investigated the pharmacokinetic profiles of the RMN pep-
tide probe in vivo. To minimize the autofluorescence background in
living animals, a far-red fluorophore, Cyanine5 (Cy5), was conju-
gated with the RMN peptide probe to replace the FITC dye (table S3).
Upon intravenous injection of Cy5-labeled RMN or MN probe, the
blood was collected at designated time points for fluorescence mea-
surements. As shown in Fig. 4E, both RMN and MN probes showed
a nonlinear and time-dependent elimination curve over a period of
48 hours. However, the levels of RMN probe in the blood (~32.5%)
remained higher than that in the MN group (~1.7%) at 48 hours
postinjection. On the basis of the classical two-compartment model in
pharmacokinetic studies, the elimination half-lives of RMN and MN
peptide probes in the blood were determined as 38.5 + 5.7 hours
and 12.7 + 0.2 hours, respectively (Fig. 4F). When compared to the
MN-treated mice, the area under the curve and mean residence
time exhibited a 10.9-fold and 1.7-fold increase in the RMN-treated
group, revealing an improved pharmacokinetics of peptide probe
after conjugation with ERY1 peptide for RBC hitchhiking in the
blood (Fig. 4, G and H).

Diagnosis of human ovarian tumor using RMN probe in vivo

Next, we investigated the diagnostic efficiency of the RMN peptide
probe in the human ovarian tumor-bearing mice. A far-red fluoro-
phore (Cy5) and its specific quencher (QSY21) were selected as a
FRET pair to conjugate with the RMN peptide probe through an
amide condensation reaction. The photophysical properties of the
Cy5/QSY21-modified RMN probe (Cy5/QC-RMN) and a control
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peptide probe without quencher modification (Cy5-RMN) were
measured in PBS (fig. S6 and table S3). As shown in Fig. 5A, the
absorbance peak of Cy5-RMN shifted from 650 to 660 nm in the
absorbance of Cy5/QC-RMN, and the main emission peak of Cy5-
RMN at 665 nm was markedly quenched upon QSY21 conjugation.
The fluorescence emission at 665 nm of Cy5/QC-RMN was gradu-
ally elevated with the addition of MMP-2 or MMP-9, suggesting a
concentration-dependent manner of enzyme-responsive Cy5/QC-
RMN peptide probe (Fig. 5B and fig. S19). To develop a murine
model of human ovarian cancer, the N-cadherin and MMPs overex-
pressed SKOV3 tumor cells were subcutaneously implanted into the
right flank of BALB/c nude mice (Fig. 5C and fig. S20). When the
tumor size reached 100 mm® (~day 30), the nude mice were intrave-
nously injected with either free Cy5, Cy5-MN, Cy5-RMN, Cy5/QC-
MN, or Cy5/QC-RMN at the same fluorophore dosage (50 pg/kg,
n = 3), respectively. The PBS-treated mice were used as a control
group. At predetermined time points after injection, the fluores-
cence signals in tumor tissues were measured on the basis of an
In Vivo Imaging System (IVIS). As shown in Fig. 5D, the fluores-
cence signal gradually accumulated at the tumor site in the
Cy5-RMN-treated mice rather than in the Cy5-MN or free Cy5
groups. We also analyzed the RBCs isolated from tumor tissues by
flow cytometry based on the dye-labeled anti-mouse antibody of
Ter119 (a classical erythroid surface marker). A 4.2-fold fluores-
cence increase of RMN-labeled Ter119*-RBC was found in the tu-
mor tissues of RMN-treated mice when compared to that in the
MN-treated mice (fig. S21), suggesting an enhanced accumulation
of RMN in the tumor region through RBC hitchhiking due to the
prolonged circulation time. However, extensive fluorescence signal
distribution was observed in the whole body of Cy5-RMN-treated
mice, thus eliminating the accuracy of fluorescent probes for tumor
diagnosis. Upon modification with a FRET pair, the fluorescence
signal of Cy5/QC-RMN was only visualized in the tumor region of
mice, suggesting an improved diagnosis efficiency of the RBC-
hitchhiking RMN probe. When quantifying the MFI values in the
tumor regions, the Cy5/QC-RMN-treated mice exhibited a maxi-
mum fluorescence signal at 1 hour postinjection, which underwent
a marked fluorescence decrease when the tumor tissues were pre-
treated with the MMPs inhibitor GM6001 (Fig. 5E and fig. $22). To
confirm these observations, tumor tissues were harvested from mice
at 1 hour after administration of various peptide probes and further
sectioned for ex vivo imaging. When normalized to the fluorescence
signals of N-cadherin-targeting Cy5-MN-treated groups, the rela-
tive MFI values in the tumor tissue exhibited a significant augmen-
tation in the mice treated with Cy5-RMN (1.42-fold increase), Cy5/
QC-MN (1.14-fold increase), and Cy5/QC-RMN (2.85-fold in-
crease), respectively (Fig. 5F and fig. S23). We also observed the
strongest fluorescence signals of Cy5 in the frozen sections of tumor
tissues upon Cy5/QC-RMN treatment compared to other control
groups, indicating a rapid and effective diagnosis of primary ovarian
tumor in vivo (Fig. 5, F and G).

We also performed the fluorescent screening of Cy5/QC-RMN
in the major organs (e.g., heart, liver, spleen, lungs, and kidneys) to
explore the potential metastasis, a major challenge in clinics that
causes the death of patients with ovarian cancer after surgery. As
shown in Fig. 4H, at 1 hour postinjection, the Cy5-MN was rapidly
cleared from the main organs of mice, while the Cy5-RMN was
widely distributed into various organs (especially the lung and kid-
neys) due to the prolonged circulation time (Figs. 4E and 5D). It is
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Fig. 5. Diagnosis of human ovarian tumor using RMN fluorescent probe in vivo. (A) Absorbance (dashed lines) and fluorescence emission spectra (solid lines) of Cy5/
QC-RMN and Cy5-RMN in PBS. (B) Responsiveness of Cy5/QC-RMN probe (30 pg/ml) in the presence of activated MMP-2 and MMP-9 enzymes (5 pg/ml) for 30 min.
(C) Schematic overview of the experimental timeline for the in vivo studies. Created in BioRender. Lin, Y. (2025) https://BioRender.com/n6w6wmé. (D and E) In vivo imag-
ing (D) and total fluorescence counts (E) of SKOV3 tumor-bearing mice after intravenous injection of PBS, free Cy5, Cy5-MN, Cy5-RMN, Cy5/QC-MN, and Cy5/QC-RMN at
different time points. h, hours. (F) Fluorescent images of isolated ovarian tumor tissues (top) and frozen sections (bottom) at 1 hour postinjection in different groups. Scale
bar, 20 pm. (G) Quantitative analysis of MFI in the frozen sections of ovarian tumor tissues. u.d., undetected. (H) Fluorescence imaging of tumor tissues and major organs
(heart, liver, spleen, lungs, and kidneys) at 1 hour postinjection of PBS, Cy5-RMN, and Cy5/QC-RMN in tumor-bearing and healthy mice. (I) Representative hematoxylin and
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well-known that the kidneys are responsible for the rapid clearance
of hydrophilic molecules injected into the blood. Thus, it was diffi-
cult to distinguish the tumor metastasis or natural metabolism in
the lung and kidneys based on the enhanced fluorescence signals of
Cy5-RMN in vivo. When the tumor-bearing mice were intrave-
nously administered with Cy5/QC-RMN, we only found a strong
fluorescence signal in the lung tissues besides the primary tumor
region (Fig. 5H and fig. S24), and no obvious fluorescence signal
was determined in the main organs of healthy mice, implying the
possible metastatic foci in the lung. To confirm the tumor metasta-
sis, the tissues of all major organs were sectioned for hematoxylin
and eosin (H&E) staining. As shown in Fig. 5I and fig. $25, small
metastatic foci were only determined in the lung, but not in other
organs such as kidneys in all of the ovarian tumor-bearing mice. The
lung metastases were further confirmed on the basis of the immu-
nohistochemical staining of epithelial cell adhesion molecule, an
overexpressed transmembrane glycoprotein in primary and meta-
static ovarian cancer (fig. $26). Together, these results demonstrated
that the Cy5/QC-RMN rather than other fluorescent molecules
could serve as an effective fluorescent probe for the rapid and pre-
cise diagnosis of unknown human ovarian tumor metastasis in the
living body.

Ex vivo diagnosis of human ovarian tumor tissues in clinics
Last, to further assess the feasibility of the Cy5/QC-RMN probe for
the diagnosis of various human ovarian cancers in clinics, we col-
lected several ovarian tumor tissues from different patients after sur-
gery and confirmed their subtypes, including ovarian seromucinous
borderline tumor (SMBT), HGSOC, and CCOC, based on the con-
ventional immunohistochemical staining (fig. S27). Subsequently,
different kinds of ovarian tumor tissues were incubated with the
Cy5/QC-RMN for 30 min in PBS (Fig. 6A). Normal ovarian tissues
were selected as the control group. After washing thrice with PBS,
the fluorescence signals of them were measured by IVIS. As shown
in Fig. 6 (B and C) and fig. S28, strong fluorescence signals were
determined in all of these ovarian tumor tissues (SMBT, HGSOC,
and CCOC) upon the treatment of Cy5/QC-RMN when compared
to the normal ovarian tissues, although the expression levels of N-
cadherin were obviously different in various subtypes of ovarian
cancer. Moreover, histological examinations were further performed
on the cross sections of SMBT tissues with lower N-cadherin ex-
pression than other subtypes of ovarian cancer. As shown in Fig. 6D
and fig. S27, H&E staining results exhibited the obvious histopatho-
logical characterizations of SMBT in the ovarian tumor tissues, in-
cluding the multinucleated tumor giant cells, eosinophilic nucleoli,
and frequent mitotic figures (9). The confocal imaging of frozen sec-
tions further confirmed that the Cy5/QC-RMN probe had a higher
red fluorescence signal in the SMBT tissues (392-fold increase)
compared to the normal ovarian tissues in patients (Fig. 6E). To-
gether, these results demonstrated that the Cy5/QC-RMN probe
could effectively diagnose different kinds of human ovarian cancer
in clinical samples.

Biosafety of RMN probe in vivo

Additionally, we assessed the biosafety of the RMN peptide probe
in vivo. In this study, the highest injection dosage (300 pg/kg, n = 3)
was injected into the tail vein of healthy mice. After 7 days postin-
jection, the hematological and blood biochemical evaluations were
first performed in the mice. As shown in Fig. 6F, various hemocytes,
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including white blood cells (WBCs), lymphocytes (Lymph), mono-
cytes (Mon), granulocytes (Gran), RBCs, and platelets (PLT), were
comparable to those of the control mice treated with PBS. Mean-
while, the comprehensive blood chemistry parameters were consis-
tent with those of the healthy mice, including the hepatic biomarkers
such as alanine transaminase (ALT) and aspartate transferase (AST),
as well as the renal biomarkers such as blood urea nitrogen (BUN),
creatinine (CREA), and uric acid (UA) (Fig. 6G). To evaluate the
potential adverse effects, major organs (e.g., heart, liver, spleen,
lungs, and kidneys) were also harvested for histological analysis. As
shown in Fig. 6H, no obvious pathological changes were observed in
the H&E sections of all organs. Overall, these data suggested the
excellent biosafety of RMN peptide as a diagnostic probe in liv-
ing animals.

DISCUSSION

In summary, we demonstrated that the trident-like fluorescent pep-
tide probe represents a promising approach to improve the intraop-
erative diagnosis efficiency of ovarian tumor with prolonged blood
circulation time in vivo. In principle, this RBC-hitchhiking platform
can be applied to conjugate various contrast agents or therapeutic
drugs for enhanced pharmacokinetic profiles, thereby improving
their diagnostic or therapeutic efficacy in diverse malignancies.
Moreover, it can be adapted to additional conjugation strategies that
specifically respond to the unique tumor microenvironment, includ-
ing low pH and oxygen level, amplified inflammation and reactive
oxygen species, and overexpressed enzymes (67). These strategies
could further enhance the selectivity, sensitivity, and versatility of
targeted delivery in vivo, ensuring a precise delivery of diagnostic or
therapeutic agents to targeted tumor sites. Moreover, this biomimetic
delivery strategy holds great promise to be applied to other circula-
tory blood cells, including neutrophils, monocytes or macrophages,
and lymphocytes, to facilitate the blood cell-mediated delivery sys-
tems by leveraging their natural homing properties toward inflam-
matory tumor sites, thus fulfilling precise tumor diagnosis and
therapy (68-71). Overall, the RBC-hitchhiking trident-like fluores-
cent probe offers extensive prospects for clinical translation in ad-
vancing the real-time visualization of ovarian tumors and metastatic
lesions during FGS.

MATERIALS AND METHODS

Ovarian tumor tissues from patients

Human ovarian tumor tissues (60 cases) and normal ovarian tissues
(14 cases) were obtained from patients treated at Ruijin Hospital
(2018 to 2025), Shanghai Jiao Tong University School of Medicine,
and further examined by pathologists (table S1 and S2). All experi-
ments were approved by the ethics committees of research involving
human subjects at Shanghai Jiao Tong University School of Medicine
(nos. 2017-137, 2024-540, and 2025-157) and conducted with the
understanding and informed consent of the patients in clinics. The
research procedures conformed to the standards set by the Declara-
tion of Helsinki. To evaluate the N-cadherin expression between hu-
man ovarian tumor and normal ovarian tissues, the resected ovaries
from patients were fixed in 4% paraformaldehyde, and the tissue sec-
tions were stained by anti-N-cadherin antibody (Abcam, 1:1000)
based on the standard protocols for immunohistochemistry analysis.
Theslides were scanned by a panoramic digital scanner (3DHISTECH,
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Fig. 6. Diagnosis of human ovarian tumor tissues from patients by RMN fluorescent probe and biosafety studies. (A) Schematic illustration of the experimental
process for the ex vivo diagnosis of ovarian cancer in clinics. Human ovarian tumor tissues and normal ovarian tissues were collected from patients by surgery and incu-
bated with Cy5/QC-RMN probe (30 pg/ml) for 30 min, followed by fluorescence imaging. Created in BioRender. Lin, Y. (2025) https://BioRender.com/n6w6wmé. (B) Repre-
sentative fluorescent images of the normal and tumor ovarian tissues treated with the Cy5/QC-RMN probe. (C) Quantification of N-cadherin expression in ovarian tumor
tissues (SMBT, HGSOC, and CCOC) and normal ovarian tissues using ImageJ software. (D) Representative H&E staining and frozen sections of human ovarian tumor tissues.
Arrows mark multinucleated tumor giant cells (black), eosinophilic nucleoli (red), and frequent mitotic figures (green), respectively. Normal ovarian tissues were used as a
control group. Scale bar, 40 pm. (E) Quantification of MFI in the frozen sections of ovarian tumor tissues in patients. (F to H) Amount of blood cells (F), comprehensive
blood chemistry parameters (G), and H&E staining of main organs (heart, liver, spleen, lungs, and kidneys) (H) at day 7 after intravenous injection of PBS or Cy5/QC-RMN
probe in healthy mice. Scale bar, 20 pm. n.s., not significant.
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Hungary) and analyzed by Aipathwell software (Servicebio, China)
to obtain the staining intensity and positive cell ratio. The positive
grade of staining intensity was classified into 0 (negative without col-
oring), 1 (weak staining with light yellow), 2 (moderate staining with
brownish yellow), and 3 (strong staining with sepia). The histochem-
ical scoring (H-score, 0 to 300) was calculated {H-score = [(% of
weak staining) X 1] 4+ [(% of moderate staining) X 2] + [(% of strong
staining) X 3]} to evaluate the overall percentage of N-cadherin posi-
tivity across the entire stained ovarian tumor tissues (72).

Databases

The freely accessible servers GTEx (www.gtexportal.org/) and
TCGA (www.cancer.gov/tcga) were used to analyze the expression
of N-cadherin in ovarian tumors (n = 381) and normal ovarian tis-
sues (n = 88). The databases are chosen by including either primary
or metastatic ovarian tumors, as well as filtering samples that do not
have transcripts per million data. The gene expression data is ex-
tracted from both GTEx and TCGA datasets and further analyzed
using various statistical methods and graphical representations. The
demographic information was obtained from the TCGA database
on the UALCAN website (https://ualcan.path.uab.edu).

Western blot assay in ovarian tumor cells

Human ovarian cancer cell lines (ES-2, OVCAR5, OVCARS, A2780,
HO-8910, OVCA433, and SKOV3), human breast cancer cells
(MDA-MB-231 and BT-549), human liver cancer cells (HCCLM3
and HUH-7), mouse macrophages (RAW264.7), and HUVECs were
purchased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). ES-2 cells were cultured in a McCoy’s 5A medi-
um supplemented with 10% FBS and 1% penicillin-streptomycin
(PS). OVCARS5, OVCARS, HO-8910, OVCA433, SKOV3, and BT-
549 cells were cultured in RPMI 1640 medium supplemented with
10% FBS and 1% PS. In addition, A2780, MDA-MB-231, HCCLM3,
HUH-7, RAW264.7, and HUVECs were cultured in Dulbeccos
modified Eagle’s medium (DMEM) supplemented with 10% FBS
and 1% PS. All cells were incubated at 37°C with 5% CO, in a
humidity-controlled incubator. To evaluate the expression of N-
cadherin in these cell lines, 5 x 10° cells were first lysed using a ra-
dioimmunoprecipitation assay buffer (Beyotime, China) containing
phenylmethylsulfonyl fluoride (1 mM) as a serine protease inhibitor
for 30 min on ice. Protein concentrations were quantified using a
bicinchoninic acid protein assay kit (Thermo Fisher Scientific).
Equal protein concentrations of all samples (2 mg/ml) were pre-
pared in a certain proportion with 5% lithium dodecyl sulfate load-
ing buffer, followed by heating at 100°C for 10 min. Then, 20 pl of
samples were resolved by 10% SDS-polyacrylamide gel electropho-
resis and run at 150 V for 1 hour. The separated proteins were trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane (300 mA,
90 min), blocked in tris-buffered saline with 0.1% Tween 20 (TBST)
buffer containing 5% skim milk, and then stained with primary
anti-N-cadherin antibody (1:1000, Abcam) and anti-a-tubulin an-
tibody (1:1000, Abcam) overnight at 4°C. Subsequently, PVDF
membranes were rinsed with TBST five times and further incubated
with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies against mouse immunoglobulin G (IgG) or rabbit IgG (1:3000,
Biosharp) for 90 min at room temperature. After washing with TBST,
the membranes were incubated with a chemiluminescent HRP sub-
strate (Meilunbio, China) and visualized by a gel-imaging analysis
system (Tanon-5200 Multi, China).
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Molecular docking

The predicted structure of human N-cadherin was generated by Al-
phaFold and expanded to a three-dimensional model using Open
Babel. AutoDock tools (ADT3) were used to prepare and parame-
terize the interaction between protein receptor (N-cadherin) and
ligand (targeting peptide, LLGKCRAGVGRGC). The protonation
state of all the compounds was set at pH 7.4 (25°C). The N-cadherin
is represented as a slate cartoon model, the ligand is shown as a cyan
stick, and their binding sites are shown as magenta stick structures.
Nonpolar hydrogen atoms are omitted, and the hydrogen bonds
(XA) are depicted as yellow dashed lines. The equilibrium Ky
(2.84 x 10™° M) was calculated on the basis of the following formula

AG = —RTIn®¢

where AG is the binding free energy (—6.2 kcal/mol calculated by
molecular docking), R is the universal gas constant (8.314 J/K per
mol), and T is temperature (298.15 K at 25°C).

Synthesis of ERY 1-alkyne peptide

RBC hitchhiking peptide ERY1-alkyne [WMVLPWLPGTLDGGS
GG(alkyne)RG-NH,] was synthesized by Fmoc-chemistry-based
SPPS using rink amide methylbenzhydrylamine (MBHA) resin
(73). Briefly, the MBHA resin (0.2 mmol, 1 equiv, 0.664 mmol/g)
was soaked in anhydrous dichloromethane (DCM) for 30 min
and then treated with anhydrous dimethylformamide (DMF) con-
taining 20% piperidine to deprotect the Fmoc group for 20 min. After
washing thrice with DME a mixture of Fmoc-Gly-OH (1.5 equiv), O-
benzotriazole-N,N,N',N’-tetramethyl-uronium-hexafluorophosphate
(HBTU; 1.5 equiv), 1-hydroxybenzotriazole (HOBT; 1.5 equiv), and
diisopropylethylamine (DIPEA; 3 equiv) was incubated with the
resins in DMF for stirring for 2 hours under a nitrogen (Ny)
atmosphere. The resin was washed thrice with DMF to remove
the unreacted reagents and further reacted with a mixture of acetic
anhydride/DIPEA/DCM (v/v/v = 1:2:4) for 30 min to cap the un-
reacted amino groups. A repeated amide condensation reaction
was performed with Fmoc-protected amino acids to synthesize
the ERY 1-alkyne peptide by replacing the Fmoc-Gly-OH with Fmoc-
propargyl-Gly-OH. Last, the peptide was cleaved from the resins
with a mixture of trifluoroacetic acid (TFA)/H,O/triisopropylsilane
(TPS) (v/v/v =95:2.5:2.5) and stirred for 2 hours at room tempera-
ture. After removing the TFA under reduced pressure through an
RV10 rotary evaporator (IKA, Germany), cold anhydrous ether was
added into the flask to obtain ERY1-alkyne peptide as white pre-
cipitates. The peptide was lyophilized in a 10 mM HCI solution to
remove residual TFA and directly applied for the next reaction with-
out purification. Electrospray ionization mass spectrometry (ESI-MS;
mass/charge ratio): calculated, 1993.32; found IM]*, 1992.78.

Synthesis and characterization of RMN peptide probe

The synthesis of RBC-hitchhiking and ovarian cancer-targeting peptide
probe (RMN) with a FRET pair (Quencher-K(ERY1)-GPAGVLLG-
K(dye)-CRAGVGRGC) was performed by Fmoc-chemistry-based
SPPS using 2-chlorotrityl chloride resin (74). Briefly, the resin
(0.2 mmol, 1 equiv, 0.565 mmol/g) was soaked in anhydrous DCM for
10 min and then reacted with Fmoc-Cys(Trt)-OH (1.5 equiv) and
DIPEA (3 equiv) for 30 min. After being washed thrice with DCM, the
unreacted groups on the resins were blocked with a mixture of methanol/
DCM/DIPEA (v/v/v = 1:1:0.1) for 15 min. The Fmoc group on the
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resin was deprotected by 20% piperidine in anhydrous DME Then, the
resin was reacted with a mixture of Fmoc-Gly-OH (1.5 equiv), HBTU
(1.5 equiv), HOBT (1.5 equiv), and DIPEA (3 equiv) in DMF for bub-
ble stirring of 2 hours under an N, atmosphere and washed thrice with
DMEF to remove the unreacted reagents. A repeated amide condensa-
tion reaction was performed with Fmoc-protected amino acids to
synthesize the ovarian cancer-targeting MN peptide by replacing the
Fmoc-Lys(Boc)-OH with Fmoc-Lys(N3)-OH. To conjugate the fluo-
rescent dyes to the peptides, the Dde group of Fmoc-Lys(Dde)-OH on
the resin was first cleaved to expose the NH, group by using hydroxyl-
amine hydrochloride (125 mg, 1.8 mmol) and imidazole (92 mg,
1.35 mmol) in N-methylpyrrolidone (5 ml) with gentle magnetic stir-
ring for 48 hours at room temperature. After washing thrice with DME
the NH, group (1 equiv) was conjugated with 5/6-FITC (2 equiv) in
DMEF containing DIPEA (5 equiv) for bubble stirring overnight un-
der an N, gas atmosphere or reacted with sulfo-Cy5 carboxylic acid
(Cy5-COOH, 2 equiv) under catalyzing with HBTU/HOBT/DIPEA
(both at 2 equiv) in DMF for 12 hours with magnetic stirring at room
temperature in the dark. The quencher coupling on the resin was con-
ducted by reacting a mixture of 4-(dimethylaminoazo)benzene-4-
carboxylic acid (Dabcyl-COOH, 1.5 equiv), HBTU (2 equiv), HOBT
(2 equiv), and DIPEA (2 equiv) for 12 hours or conjugating with QSY21
carboxylic acid succinimidyl ester (QSY21-NHS, 1.5 equiv) in DMF
containing DIPEA (5 equiv) overnight in the dark. Last, click chemistry
was performed between N3-modified MN peptide (1 equiv) and
ERY1-alkyne peptide (1.5 equiv) with the catalysis of copper(I) iodide
(1.5 equiv) and DIPEA (90 equiv) in anhydrous DMF for 12 hours
under an N, atmosphere. The resin was sequentially washed with
saturated sodium ascorbate solution, 0.1 M EDTA in water, methanol,
DME and DCM. Last, the peptide was cleaved from the resin with a
mixture of TFA/H,O/TPS (v/v/v = 95:2.5:2.5) and stirred for 2 hours at
room temperature in the dark. After removing the TFA under reduced
pressure, the peptide was precipitated with the addition of cold anhy-
drous ether and lyophilized in a 10 mM HCl solution. The peptide pu-
rification was performed using preparative HPLC (LC-2050, Shimadzu,
Japan) with a reversed-phase C18 column (Agilent, Zorbax Stable-
Bond 300, 9.4 mm by 250 mm, 5 pm). The acetonitrile (0.1% of TFA)
and water (0.1% of TFA) were used as the eluents with a flow rate of 10
ml/min. The process was monitored by ultraviolet (UV) absorbance at
220 and 280 nm. After removing the organic solvent under reduced
pressure, the pure peptide was lyophilized in 10 mM HCI solution and
characterized by HPLC, matrix-assisted laser desorption ionization-
time of flight mass spectrometry, or ESI-MS (table S3). The absorbance
and fluorescence spectra of various peptide probes were measured us-
ing a UV-Vis spectrophotometer (UV-2700, Shimadzu, Japan) and a
fluorescence spectrophotometer (FL 6500, PerkinElmer, US). The sta-
bility of FITC-RMN and FITC/QC-RMN in PBS, 10% FBS, and 10%
serum was measured at desired time points by a fluorescent microplate
reader (excitation/emission, 488/525 nm).

Binding capability of RMN peptide probe in ovarian

tumor cells

To evaluate the binding capability of the RMN peptide probe, FITC-
RMN peptide [30 pg/ml; K(ERY1)-GPAGVLLG-K(FITC)-CRAGVG
RGC] was incubated with various human ovarian tumor cells
(A2780, ES-2, OVCARS5, OVCA433, and SKOV3) or normal cells
(HUVEC:) for 30 min at 37°C in 96-well plates (1 X 10* cells per
well). After washing thrice with 1x PBS, the fluorescence intensity
was measured using a fluorescence microplate reader (excitation/
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emission, 488/525 nm). Then, the cells were fixed with 4% parafor-
maldehyde for 30 min, incubated with 4’,6-diamidino-2-phenylindole
(DAPI) staining solution (Beyotime, China) for 10 min at room tem-
perature, and fluorescence images were visualized using an upright
fluorescence microscope (ECHO Revolve 4K Hybrid, US). More-
over, different concentrations of FITC-RMN peptide (0 to 30 pg/ml)
were incubated with SKOV?3 cells (3 x 10° cells) in RPMI 1640 me-
dium for 30 min. The cells were washed with 1x PBS three times and
analyzed with a CytoFLEX flow cytometer (Beckman, US). To visual-
ize the peptide probe distribution in tumor cells, the SKOV3 cells
were cultured in a confocal dish (3 x 10° cells per well) overnight and
incubated with FITC-RMN peptide (30 pg/ml) for 30 min. Then, the
cells were fixed with 4% paraformaldehyde, followed by the costaining
with a DAPI and a far-red plasma membrane labeling kit (excitation/
emission, 645/665 nm) for 30 min based on the manufacturer’s in-
structions (Beyotime, China). After rinsing thrice with 1x PBS, the
cell imaging was performed using a STELLARIS 5 confocal micro-
scope (Leica, Germany). To visualize the internalization process of
FITC-RMN in SKOV3 cells, the FITC-RMN was incubated with
SKOV3 cells for 4 hours, and commercial lysosomal red tracker and
nuclear-specific Hoechst 33342 were used to stain the lysosomes and
nuclei in the cells, respectively. After rinsing thrice with 1x PBS, the
cell imaging was analyzed using a STELLARIS 5 confocal micro-
scope (Leica, Germany). To confirm the biocompatibility of RMN to
ovarian tumor cells and normal cells, various concentrations of RMN
(0,1,2,4, 8, 16, and 32 pg/ml) were incubated with HUVEC, murine
macrophages (RAW264.7), and human ovarian tumor cells (SKOV3),
and their cell viability was estimated using the CCK-8 kit at 24 hours.

Enzyme responses of RMN peptide probe in vitro

The inactive proenzymes of MMPs (1 mM), such as pro-MMP-2
and pro-MMP-9, were first activated using 4-aminophenylmercuric
acetate (1 mM) in the assay buffer (50 mM tris-HCI, 200 mM NaCl,
10 mM CaCl,, 0.1 mM ZnSOy, and 0.05% Brij-35, pH 7.4) for 1 hour
at 37°C. Then, various peptide probes (30 pg/ml), including FITC/
QC-RMN peptide [Dabcyl-K(ERY1)-GPAGVLLG-K(FITC)-CRAG
VGRGC] and Cy5/QC-RMN peptide [QSY21-K(ERY1)-GPAGY
LLG-K(Cy5)-CRAGVGRGC], were incubated with the activated
MMPs (0, 0.2, 0.3, 0.6, 1.3, 2.5, and 5 pg/ml), other proteases
(e.g., cathepsin B and trypsin, 5 pg/ml), and 50 pM MMPs inhibitor
(GM6001) as controls in the assay buffer for 30 min. A microplate
reader was used to determine the fluorescence intensity of FITC
(excitation/emission, 488/525 nm) and Cy5 (excitation/emission,
645/665 nm), respectively. After centrifugation at 1000g for 30 min
using Millipore Amicon Ultra Centrifugal Filters [30-kDa molecular
weight cutoff (MWCO)] to remove the MMP enzymes, the cleaved
peptides were analyzed by LC-MS (a Waters ACQUITY UPLC I-
Class System equipped with a Vion IMS QTof MS, US). To deter-
mine the enzyme activities of MMPs in living cells, the various
human ovarian cancer cells were cultured in six-well plates at a den-
sity of 1 x 10° cells per well for 24 hours. The medium was removed
from cells and replaced with fresh culture media without FBS or
with MMPs inhibitor (100 pM). After continuing incubation for
48 hours, the culture medium containing secreted MMPs was col-
lected and concentrated by centrifugation at 1000g for 30 min using
ultracentrifugal filters (MWCO, 30 kDa). The enzymes were further
incubated with FITC/QC-RMN peptide (30 pg/ml) at 37°C for
30 min. The fluorescence intensity was measured by using a micro-
plate reader (Tecan).
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RBC-hitchhiking capability of RMN peptide probe

The whole blood of BALB/c nude mice was first collected via cardiac
puncture using a syringe rinsed with heparin solution (100 U/ml)
and transferred into blood collection tubes with EDTA anticoagu-
lant. After centrifugation at 500¢ for 10 min at 4°C, the erythrocytes
were collected in the pellet and suspended in the cold 1x PBS
(pH 7.4). Then, FITC-RMN peptide (30 pg/ml) was incubated with 5%
(v/v) mouse RBC at 37°C for 30 min, followed by washing twice with
cold 1x PBS upon centrifuging (1000g, 5 min, 4°C). The fluorescence
signal of FITC-RMN peptide on erythrocytes was determined using
a microplate reader (excitation/emission, 488/525 nm) or visualized
by an upright fluorescence microscope (ECHO Revolve 4K Hybrid,
US) upon treatment with 4% paraformaldehyde for 30 min. The
erythrocytes were also fixed with 2.5% glutaraldehyde and dehydrated
with 30 to 100% gradient alcohol. After coating with a thin gold layer,
SEM imaging was performed using an acceleration voltage of 2 KV
(SU2080, Hitachi, Japan) and pseudocolored by Adobe Photoshop
software. The unhitchhiking FITC-MN peptide [K(N3)-GPAGVLLG-
K(FITC)-CRAGVGRGC] and PBS-treated RBCs were used as con-
trol groups. To evaluate the safety of peptide probes for erythrocytes,
the standard agglutination and hemolysis assays were performed on
the basis of the schedule described previously (56, 75). Briefly, differ-
ent concentrations of RMN peptide (0 to 30 pg/ml) were first incu-
bated with 5% (v/v) mouse RBC (100 pl in 1x PBS) at 37°C for
30 min. Then, 50 pl of mixture was added into a round-bottom
96-well plate and incubated at 37°C for 1 hour. Agglutination is
visually assessed as a pellet without a clear boundary. Mouse RBCs
treated by PHA (0.1 mg/ml) were used as a positive control. To
determine the degree of RBC hemolysis, various concentrations of
RMN peptide (0 to 30 pg/ml) were first incubated with 5% (v/v)
mouse RBC (100 pl in 1x PBS) at 37°C for 30 min, followed by
centrifugation at 13,300¢ for 5 min. After that, the hemoglobin in
the supernatant was quantified at an absorbance of 540 nm by a
microplate reader. Mouse RBC with full hemolysis upon bath son-
ication was set as a positive control, and the RBC treated by PBS
only was used as a negative control. The equilibrium Ky between
the RBC-hitchhiking peptide (ERY1) and the glycophorin A pro-
tein was calculated using a molecular docking model. To verify the
stability of RMN on the RBC surface, FITC-RMN was incubated
with whole blood and collected RBCs at different time points (0, 1,
3, 6, 12, and 24 hours) to analyze fluorescence signals.

Pharmacokinetic studies of RMN probe in vivo

All of the animal experiments were approved and guided by the In-
stitutional Animal Care and Use Committee of Shanghai Jiao Tong
University (no. A2024191). For the blood circulation study, 100 pl of
Cy5-RMN peptide probes (0.15 mg/kg, n = 3) were intravenously
injected into the BALB/c nude mice (6 to 8 weeks, female). The un-
hitchhiking Cy5-MN [K(N3)-GPAGILLG-K(Cy5)-CRAGVGRGC]
and PBS-treated mice were used as control groups. A drop of blood
(~30 pl) was collected from each mouse via submandibular punc-
ture with heparin-coated tubes at 0, 1, 2, 4, 8, 16, 24, and 48 hours
postinjection. The collected blood (20 pl) was then diluted with
1x PBS (180 ul) under sonication. The fluorescence intensity of
Cy5-RMN peptide in the blood was measured using a fluorescence
microplate reader (excitation/emission, 645/665 nm). For the bio-
distribution study, human ovarian tumor-bearing BALB/c nude
mice were intravenously administered with 100 pl of Cy5/QC-RMN
peptide (50 pg/kg, n = 3). At 1 hour postinjection, the nude mice
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and their major organs (e.g., heart, liver, spleen, lungs, and kidneys)
were imaged on the basis of the IVIS (PerkinElmer, US) to re-
cord the MFL.

Diagnosis of human ovarian tumor by RMN peptide

probe in vivo

To develop a human ovarian tumor model, 5 X 10° SKOV3 cells
were implanted subcutaneously into the right flank of BALB/c nude
mice (6-week-old, female). Body weights and tumor volumes of
mice were measured every 2 days, and tumor volumes were calcu-
lated using the equation: volume = (length X width?)/2. When the
average tumor size reached 100 mm” (~day 30), the tumor-bearing
nude mice were intravenously injected with PBS, free Cy5, Cy5-
MN, Cy5-RMN, Cy5/QC-MN, and Cy5/QC-RMN at the same Cy5
dosage (50 pg/kg, n = 3). The mice treated with PBS and MMPs in-
hibitor were used as control groups. At 1, 2, 4, 6, and 24 hours post-
injection, the nude mice and their major organs (e.g., heart, liver,
spleen, lungs, and kidneys) were imaged on the basis of the IVIS
(PerkinElmer, US). The tumor tissues were collected and processed
with frozen sections (3 to 5 pm) and H&E staining. The tumor tis-
sues were imaged using a STELLARIS 5 confocal microscope (Leica,
Germany), and the MFI was analyzed by Image]J software. To evalu-
ate the diagnostic capability of the peptide probe for human ovarian
tumors in clinics, the freshly resected ovarian tumor tissues and
normal ovarian tissues from patients (three cases) were coincubated
with Cy5/QC-RMN peptide for 30 min at 37°C. After washing three
times with 1Xx PBS, the ovarian tissues were imaged using an IVIS
system (excitation/emission, 645/665 nm). The frozen sections of
ovarian tissues were further stained with DAPI for 30 min, and fluo-
rescence images were recorded using a STELLARIS 5 confocal mi-
croscope (Leica, Germany). The human ovarian tissues were further
fixed in 4% paraformaldehyde overnight, followed by incubation with
an increasing ethanol gradient (30 to 100%) and xylene in sequence.
Then, the samples were embedded in paraffin and sectioned into 3-
to 5-pm slides for H&E staining and immunohistochemistry staining.
To investigate the RMN-RBC complexes in the tumor tissue, FITC-
labeled RMN or MN probe was intravenously injected for 4 hours.
The ovarian tumor tissues were collected and prepared for the single-
cell suspension. In brief, tumor tissues were cut into small pieces and
then digested in DMEM containing collagenase IV (1 mg/ml) and
deoxyribonuclease I (200 units/ml) at 37°C for 30 min, followed by
the resultant suspension being filtered through a 70-pm Falcon cell
strainer and centrifuged at 300g for 5 min. Live cells were labeled by
allophycocyanin-labeled anti-mouse Ter119 antibody and quantified
by flow cytometry.

Biosafety studies of RMN peptide probe in vivo

To evaluate the biosafety of the peptide probe, healthy BALB/c nude
mice (6 to 8 weeks, female) were intravenously injected with PBS or
Cy5/QC-RMN peptide (300 pg/kg, n = 3). On day 7 postinjection,
whole blood (500 pl) was collected through cardiac puncture and
allowed to coagulate in an Eppendorf tube. After centrifugation at
2000g for 15 min, the serum was harvested for comprehensive blood
chemistry analysis, including alanine transaminase (ALT), aspartate
transferase (AST), blood urea nitrogen (BUN), creatinine (CREA),
and uric acid (UA). In addition, 300 pl of whole blood was placed
into an EDTA-coated anticoagulant tube for the complete blood
counts, including WBC, lymphocyte (Lymph), monocytes (Mon),
granulocytes (Gran), RBC, hemoglobin (HGB), hematocrit (HCT),
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mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC),
red cell distribution width (RDW)), platelet (PLT), mean platelet vol-
ume (MPV), platelet distribution width (PDW), and plateletcrit
(PCT). For histopathological examination, mice were euthanized,
and their major organs (e.g., heart, liver, spleen, lungs, and kidneys)
were resected, fixed in 4% paraformaldehyde for 24 hours, and sec-
tioned for H&E staining.

Statistical analyses

All data in the studies were calculated and presented as means + SD
from at least three independent experiments. GraphPad Prism 8.0
software was applied for all graph generation and statistical analysis.
Statistical significance was determined by the Student’s two-tailed ¢
test (P value: *P < 0.1, **P < 0.01, and ***P < 0.001).

Supplementary Materials
This PDF file includes:

Figs.S1to 528

Tables S1to S3
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